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MATERIALS AND METHODS
135
Cell culture and DNA constructs 136 HeLa cells were grown as monolayers in Dulbecco's Modified Eagle's Media (DMEM) 137 supplemented with 8% newborn calf serum (NCS). HeLa T-REx cells (Invitrogen) stably 138 express the tetracycline repressor protein, and were grown in DMEM supplemented with 10% 139 fetal calf serum (FCS) and maintained in blasticidin (5 μg/ml). EGFP-SRp20 plasmid DNA was 140 kindly provided by Dr. Roz Sandri-Goldin. The FLAG-3CDμ10 construct was generated by 141 cloning the FLAG and 3CDμ10 (41) coding sequences into the pcDNA4/TO tetracycline-142 inducible vector (Invitrogen). The FLAG-3CDwt construct was generated via site-directed 143 mutagenesis of a FLAG-3CD-C147A construct (42), to change the alanine back to the wild type 144 cysteine (GCT  TGT). Poliovirus and HRV16 FLAG-2A constructs were generated via 145 restriction digest of FLAG-3CDμ10 to remove the 3CDμ10 coding sequence, followed by PCR 146 amplification and insertion of the 2A coding sequence derived from full length cDNAs for either 147 poliovirus or HRV16.
cDNAs encoding full-length poliovirus containing previously 148 characterized 2A mutations (2A-C109R and 2A-L98P) were generously provided by Dr. Karla 149 Kirkegaard (43). The 2A region from each cDNA was PCR amplified and cloned into the same 150 vector as for wild type 2A. 151
DNA transfection and virus infection 152
HeLa cells were seeded on coverslips and allowed to grow to approximately 60% confluency. 153
Cells were transfected with pEGFP-SRp20 using Fugene 6 transfection reagent (Roche). 7.4 at an MOI of 10, following adsorption for one hour at room temperature. Coxsackievirus 160 infections were carried out at 37°C; poliovirus and HRV infections were individually carried out 161 at both 34°C and 37°C. At specific times post-infection, cells were washed once with 1X 162 phosphate-buffered saline (1X PBS), and processed for imaging. For HRV16 infections, 100 163 cells at each time point were scored to determine the percentage of cells displaying any 164 detectable SRp20 re-localization. In parallel experiments under the same conditions described 165 above, mock-or HRV16-infected cells were harvested at each time point and cytoplasmic lysates 166 were generated. Cells were lysed in NP-40 lysis buffer (50 mM Tris-HCl pH 8, 5 mM EDTA pH 167 8, 150 mM NaCl, 0.5% NP-40) on ice for 30 min, clarified, and subjected to SDS-PAGE and 168
Western blot analysis. 169
DNA transfection and induction of viral proteinase expression 170
HeLa T-REx cells were seeded on coverslips and allowed to grow to approximately 70% 171 confluency. Cells were co-transfected with pEGFP-SRp20 and a plasmid encoding either 172 FLAG-tagged poliovirus 3CDμ10, 3CDwt, 2A, 2A-C109R, or 2A-L98P; HRV16 2A; or empty 173 vector. Transfections were carried out using Lipofectamine transfection reagent (Invitrogen). 174
Twenty-four hours post-transfection, the media was replaced with fresh media containing 1 175 μg/ml tetracycline (Sigma) to induce FLAG-tagged viral proteinase expression (GFP-SRp20 was 176 constitutively expressed). Viral proteinase expression was induced for up to 6 hours, and at 177 specific times post-induction the cells were washed once with 1X PBS and processed for 178 mounted on microscope slides with mounting media (Biomeda) and allowed to dry overnight at 207 room temperature. Coverslips were sealed with nail polish, and cells were imaged using a Zeiss 208 LSM 510 or LSM 700 laser scanning confocal microscope. Images were processed using the 209 LSM 510 or Zen (Carl Ziess) confocal imaging software, respectively. 210
RESULTS
212
SRp20 re-localizes from the nucleus to the cytoplasm of the cell during coxsackievirus B3 213 infection. We first investigated the subcellular localization of SRp20 during CVB3 infection. 214
Because coxsackievirus and poliovirus are closely-related picornaviruses, we predicted that we 215 would observe a cytoplasmic redistribution of SRp20 during coxsackievirus infection, as has 216 been seen during poliovirus infection (40) . While the precise role of SRp20 during 217 coxsackievirus infection has not yet been determined, we hypothesize that its function is 218 equivalent to the role of this cellular factor during poliovirus infection, as an ITAF for viral 219 IRES-mediated translation in the cytoplasm. To visualize SRp20 in the cell, we transfected a 220 plasmid encoding a GFP-tagged version of the protein into HeLa cells prior to infection. We 221 then utilized confocal microscopy to examine the localization of SRp20 in mock-and CVB3-222 infected cells during infection. The results are shown in Fig. 1 . In the mock-infected cells (Fig.  223 1A), SRp20 is found predominantly in the nucleus, consistent with previously published data for 224 this protein and its role as a cellular splicing factor (45). We determined that this nuclear 225 localization in mock-infected cells did not change over the course of incubation (data not 226 shown). At both 1 and 2 hours post-infection (hpi) (Fig. 1B and 1C) , SRp20 remained 227 predominantly nuclear in localization. However, at 3 hpi, a low level of SRp20 was detected in 228 the cytoplasm of the infected cells (Fig. 1D) . This is somewhat different than what was observed 229 during poliovirus infection, where low levels of SRp20 could be detected in the cytoplasm of 230 infected cells at 2 hpi (40). The slight delay in the kinetics of SRp20 localization may be due to 231 a slight growth delay observed for coxsackievirus compared to poliovirus, since poliovirus grows 232 to peak titers at 5-6 hr post-infection in HeLa cell monolayers at 37°C (46) compared to CVB3, 233 which achieves peak titers under similar growth conditions at 7-8 hr post-infection (37, 47, 48). 234
Later in infection (4 and 5 hpi, Fig. 1E and 1F ) a more dramatic re-localization of SRp20 could 235 be observed, with much of the protein found in the cytoplasm. Therefore, coxsackievirus 236 infection, like poliovirus infection, causes the nucleo-cytoplasmic redistribution of SRp20. 237
SRp20 is re-localized to a lesser extent in the cytoplasm of cells infected with human 238 rhinovirus 16. We next determined the subcellular localization of SRp20 during infection of 239
HeLa cells with HRV serotype 16. HRV16 is a picornavirus that has similarities to poliovirus 240 and coxsackievirus, but also some significant differences; namely, the virus growth cycle is 241 greatly protracted compared to poliovirus, with peak virus titers reached at later times the optimal temperature for HRV16 infection is 34°C, compared to 37°C for poliovirus. Taking 246 these differences into account, we investigated the localization of SRp20 in HeLa cells during 247 HRV16 infection at 34°C from 0-12 hpi. The results of these experiments are shown in Fig. 2 . 248 SRp20 remained nuclear at 2 and 4 hpi ( Fig. 2B and 2C) . We observed re-localization of SRp20 249 to the cytoplasm of infected cells beginning about 6 hr post-infection (Fig. 2D) . The amount of 250 SRp20 observed in the cytoplasm of infected cells continued to increase at later times post-251 infection ( Fig. 2E-G to examine viral protein production. Cytoplasmic lysates were generated from mock-and 262 HRV16-infected cells and subjected to SDS-PAGE and Western blot analysis (shown in Fig. 3) . 263 Viral polymerase 3D (top) was produced at high levels by 6 hr post-infection. We also detected 264 low levels of the proteinase 2A (bottom) at 6 hr post-infection, increasing significantly by 8 hr 265 post-infection. 266
We next considered the possibility that SRp20 re-localization may somehow be affected 267 and/or significantly delayed simply by the lower temperature of infection, and also carried out 268 the infection at 37°C (data not shown). Notably, we have not observed significant differences in 269 the growth kinetics or peak titers of HRV16 when HeLa cells are infected at either 34°C or 37°C 270 (A. J. Chase and B. L. Semler, unpublished), and human rhinoviruses have been shown to 271 replicate effectively at 37°C (51). As was observed at the lower temperature, SRp20 remained 272 localized in the nucleus at 2 and 4 hpi. Interestingly, nucleo-cytoplasmic re-localization of 273 SRp20 was also detected beginning around 6 hpi at 37°C. The asynchronous accumulation of 274 cytoplasmic SRp20 among the infected cells was observed at the higher temperature as well 275 (refer to Table 1), although the percentage of cells displaying cytoplasmic SRp20 increased 276 more rapidly at 37°C than at 34°C. 277
SRp20 displays a dramatic nucleo-cytoplasmic re-localization during poliovirus infection at 278
34°C. We also examined the re-localization of SRp20 during poliovirus infection at 34°C. 279
While the kinetics of SRp20 re-localization have already been reported for poliovirus infection at 280 37°C (40), we wanted to compare these results with infection carried out at a lower than optimal 281 temperature for poliovirus to determine whether the temperature of infection affects the re-282 localization of SRp20. The results of these experiments are shown in Fig. 4 . We have 283 previously demonstrated that SRp20 re-localizes to the cytoplasm of poliovirus-infected cells at 284 37°C beginning about 2 hpi, with a more dramatic re-localization observed over the course of 285 infection (40). When poliovirus infection was carried out at 34°C, SRp20 was also observed to 286 re-localize to the cytoplasm at about 2 hpi (Fig. 4B) . This cytoplasmic redistribution became 287 more apparent as infection progressed ( Fig. 4C-E) , although it did appear that slightly less total 288 SRp20 was re-localized at earlier times post-infection than was observed during infection at 289 37°C (Fig. 4C , and data not shown). Therefore, independent of whether poliovirus infection of 290 HeLa cells is carried out at 34°C or 37°C, SRp20 re-localizes from the nucleus to the cytoplasm 291 of the infected cells beginning about 2 hpi. 292
Poliovirus 3CD proteinase expression alone does not cause the cytoplasmic redistribution 293 of SRp20. The mechanism of SRp20 re-localization during poliovirus infection is still unknown. 294
We hypothesized that a viral proteinase may cause SRp20 to redistribute to the cytoplasm of the 295 cell, and we first investigated whether expression of poliovirus 3CD resulted in a change in 296 SRp20 subcellular localization. The 3CD proteinase is found at higher concentrations in the cell 297 during infection than 3C proteinase, and has self-cleavage properties to generate 3C proteinase 298 and 3D polymerase. To prevent self-cleavage and assess only 3CD activity, we utilized a 299 mutated version of 3CD, containing an amino acid insertion adjacent to the cleavage site to 300 render the protein deficient in self-cleavage while retaining proteolytic activity [3CDμ10, (41)]. 301 FLAG-3CDμ10 (or empty vector) and GFP-SRp20 plasmids were co-transfected into cells, and 302 3CDμ10 expression was controlled using an inducible promoter (described in the Materials and 303 on August 15, 2017 by guest http://jvi.asm.org/ Downloaded from Methods). 3CDμ10 expression was induced over a 6 hour time course, and at specific times 304 post-induction cells were fixed and processed for confocal imaging. The results of these 305 experiments are shown in Fig. 5. Fig. 5A and 5B show that SRp20 localization was unaffected 306 by transfection of empty vector or by mock-induction of 3CDμ10 expression (respectively), and 307 no detectable 3CDμ10 was observed when cells were mock-induced (Fig. 5B) . At 1 hour post-308 induction, none of the cells observed contained any detectable 3CDμ10 (see Fig. 5C ); therefore, 309 the cells imaged at this time point were either expressing no or very low levels of 3CDμ10, were 310 untransfected, or were refractory to induction. At 3 and 6 hours post-induction, however, 311 3CDμ10 could be detected in the cytoplasm of the transfected/induced cells (see Fig. 5D and 312 5E). Even with high levels of expression, 3CDμ10 did not cause any detectable re-localization 313 of SRp20. We also carried out the time course to 12 hours post-induction and did not observe 314 any redistribution of SRp20 to the cytoplasm of the cells with 3CDμ10 expression (data not 315 shown). Thus, 3CD expression alone is not sufficient to cause the nucleo-cytoplasmic re-316 localization of SRp20. 317
To address the issue of whether the μ10 mutation has any effect on the activity of 3CD to 318 potentially cause a change in SRp20 localization, we also expressed wild type 3CD in cells. In 319 these experiments, we would expect 3CD as well as the 3C and 3D proteins to be expressed 320 following induction, due to the self-cleavage activity of 3CD. However, because the FLAG tag 321 is at the N-terminus of the protein, only 3CD and 3C would be labeled for imaging. The results 322 of this experiment are shown in Fig. 6 . Transfection of the empty vector or mock-induction of 323 3CD had no effect on SRp20 localization (shown in Fig. 6A and 6B) . No detectable 3C/3CD 324 was observed in any of the cells after 1 hour of induction (Fig. 6C) , although detectable levels of 325 3C/3CD could be observed at 3 and 6 hours post-induction ( Fig. 6D and 6E) . Even with the 326 on August 15, 2017 by guest http://jvi.asm.org/ Downloaded from self-cleavage activity of 3CD intact and the additional production of the 3C and 3D proteins, 327 there was no effect on SRp20 localization. We conclude that expression of 3CD (or 3C/3CD) 328 alone cannot cause the cytoplasmic re-localization of SRp20. 329
Poliovirus 2A proteinase expression alone is sufficient to cause SRp20 re-localization from 330 the nucleus to the cytoplasm of cells. We next addressed the ability of poliovirus 2A 331
proteinase to cause the redistribution of SRp20 to the cytoplasm of cells. Poliovirus 2A is 332 known to cleave a number of cellular proteins during infection including several nuclear pore 333 proteins, which is thought to interfere with nucleo-cytoplasmic transport (14-17). We 334 investigated whether these properties of 2A could contribute to the cytoplasmic re-localization of 335 SRp20 by expression of the proteinase alone. The results of these experiments are shown in Fig.  336 7. Similar to the experiments described in the previous section, FLAG-2A (or empty vector) and 337 GFP-SRp20 plasmids were co-transfected into cells, and 2A expression was controlled by 338 induction. Transfection of empty vector or mock-induction of 2A did not affect SRp20 339 localization, and it remained predominantly in the nucleus (shown in Fig. 7A and 7B) . None of 340 the cells expressed any detectable levels of 2A at 1 hour post-induction (Fig. 7C) , but 2A 341 expression was readily detectable at 3 and 6 hours post-induction ( Fig. 7D and 7E ). Correlating 342 with 2A proteinase expression, SRp20 was observed to dramatically re-localize to the cytoplasm 343 of cells. Therefore, poliovirus 2A expression alone is sufficient to cause the nucleo-cytoplasmic 344 redistribution of SRp20. While detectable levels of the mutated 2A protein were observed at 3 and 6 hours post-induction, 353 no effect on SRp20 localization was seen (see Fig. 8D and 8E) . Fig. 9 . Nup98 was the most 368 dramatically affected by 2A expression (Fig. 9A) ; its levels were reduced at 18 hr post-369 transfection compared to the vector control, and Nup98 was virtually undetectable at 24 hr post-370 transfection. Nup153 levels were also reduced at 18 hr and 24 hr post-transfection, and a smaller 371 reduction in Nup62 levels was observed at the same time points. There was a slight decrease in 372 on August 15, 2017 by guest http://jvi.asm.org/ Downloaded from the loading control (tubulin) as a result of some cell death due to the toxicity of 2A proteinase. 373
We were also able to detect cleavage of eIF4G with 2A expression as early as 6 hr post-374 transfection (Fig. 9B) . These results verify that following expression in our assays, 2A has 375 catalytic activity and recognizes specific cellular targets (e.g., eIF4G), in agreement with known 376 functions of this proteinase in mammalian cells. Our findings are consistent with previously 377 published data indicating that expression of poliovirus 2A proteinase results in the cleavage of 378 Nup153, Nup98, and Nup62, albeit to differing extents. 379
Expression of human rhinovirus 16 2A proteinase is sufficient to cause re-localization of 380
SRp20 from the nucleus to the cytoplasm of cells. While poliovirus and coxsackievirus 381
infections were found to cause the efficient nucleo-cytoplasmic redistribution of SRp20, this re-382 localization was not observed to the same extent when cells were infected with HRV16. Because 383 expression of poliovirus 2A proteinase alone could cause efficient SRp20 re-localization, we 384 examined whether the same effect was observed with expression of HRV16 2A proteinase. The 385 results are shown in Fig. 10 . HRV16 2A expression could be detected at 3 and 6 hours post-386 induction (see Fig. 10D and 10E) . Interestingly, expression of the HRV16 2A proteinase alone 387 caused the efficient cytoplasmic accumulation of SRp20, despite the fact that the viral infection 388 resulted in lower detectable levels of SRp20 re-localization compared to poliovirus infection. would lead to the overall reduction in viral titers for HRV via a mass-action effect. In addition, 478 slightly lower levels of viral translation may require lower levels of SRp20, and HRV may be 479 able to utilize the SRp20 that is already present in the cytoplasm of the cell without requiring any 480 additional SRp20 from the nucleus. Alternatively, HRV infection might result in a low level of 481 SRp20 re-localization during the early stages of infection that we are unable to detect by 482 confocal microscopy due to the abundance of the protein in the nucleus. Finally, we also 483 consider the possibility that the cell type utilized for infection may contribute to differences in 484 the subcellular environment generated by human rhinoviruses versus other enteroviruses. Table 1 . SRp20 re-localization during human rhinovirus 16 infection at 34°C and 37°C. Cells fixed for imaging as described in the legend for Figure 2 (and data not shown) were additionally scored for the percentage of cells displaying any detectable SRp20 nucleocytoplasmic re-localization. At each time point, 100 cells were counted and categorized as displaying either strictly nuclear SRp20, or displaying some detectable level of SRp20 cytoplasmic accumulation. At both temperatures of infection, there was no detectable cytoplasmic redistribution of SRp20 at 2 or 4 hr post-infection. Re-localization could be visualized beginning at 6 hr post-infection. The percentage of cells displaying SRp20 relocalization increased more rapidly during infection at 37°C compared to infection at 34°C.
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